oN s "Upstream waves," generated in the solar wind upstream of a quasi-parallel bow shock, are believed to be a major source of the Pc 3-4 pulsation activity observed in the dayside magnetosphere. In an attempt to better understand the means by which "upstream wave" energy is transmitted from the solar wind into the magnetosphere, we compared simultaneous data from ISEE I and 2 in the upstream solar wind, AMPTE IRM in the subsolar magnetosheath, and AMPTE CCE in the dayside magnetosphere. Our observations indicate that dayside magnetospheric Pc 3-4 pulsation activity and low IMF cone angles are associated with increased turbulence in the subsolar magnetosheath magnetic field (with large amplitude fluctuations both parallel and transverse to the average field direction), and with increased and highly variable levels of energetic magnetosheath particles. Fourier analysis of the magnetic field fluctuations shows broadband increases in wave power from 0.01 Hz to at least 0.5 Hz, but with peak power at Pc 3-4 frequencies; there is no evidence in our data set of narrow-band magnetic field variations in the magnetosheath at these times. Purely compressional waves, which are at times observed in the subsolar magnetosheath, have a somewhat narrower frequency distribution, but are associated with neither upstream wave activity nor magneto spheric pulsations.
however. Fairfield and Ness [ 1970] reported that magnetic variations in the magnetosheath had a broad amplitude maximum near noon, but with an apparent• dawn/dusk asymmetry in amplitude (larger dawnward than duskward ofnoon), and attributed this spatial distribution to the effects of upstream waves and/or interactions occurring at the bow shock. When the IMF was oriented in its statistically dominant spiral direction, upstream waves, which appeared on field lines that intersected the bow shock, would be convected back across the bow shock in the dawn hemisphere. They also noted that the typical spiral-oriented IMF would be roughly normal to the shock surface (a shock geometry now denoted as quasiparallel, and understood to be highly unstable) in the dawn sector. Takahashi et al. [ 1984] suggested that because these magnetosheath waves have a relatively broad frequency spectrum, they might be related to the azimuthal multiple harmonic Pc 3-4 resonances observed by various satellites in the outer dayside magnetosphew.
Since the first reports of magnetosheath fluctuations, theoretical studies have concentrated on direct propagation of wave energy [McKenzie, 1970; Verzariu, 1973; Kwok and Lee, 1984] , and experimental studies have until very recently focused on locations near the subsolar equatorial magnetopause. Most recently increased attention has been given to the possibility of entry near the polar cusps/ clefts. Verzariu [ 1973] showed that compressional ULF waves could be transmitted across the magnetopause at a tangential discontinuity, although with typically low (< ~1% ) efficiency and only close to the subsolar point. A more recent theoretical study by Kwok and Lee [ 1984] indicated much greater power could be transferred (and even amplified) across rotational discontinuities. Such discontinuities are often associated with dayside reconnection sites, but for a nearly radial IMF orientation such discontinuities, and the associated reconnection process, could be expected to occur at high latitudes as well. Greenstadt [ 1972] , Wolfe and Kaufmann [1975] , Greenstadt et al. [1980, 1983] , Russell et al. [1983] , and Luhmann et al. [1986] , looking separately at parts of this transmission process from bow shock into the magnetosphere, found evidence supporting the hypothefts that magnetosheath fluctuations were the means by which upstream wave activity was transmitted into the magnetosphere to 3441 generate Pc 3 pulsations. Greenstadt [1972] suggested that because magnetosheath ULF fluctuations are approximately confined to streamlines of magnetosheath plasma flow, excitation of magnetospheric pulsations might be favored when a nearly radial IMF orientation allowed shock-related pulsations to be convected through the subsolar magnetosheath. Later observational reviews by Greenstadt et al. [1980] and Russell et al. [1983] supported this suggestion, indicating that the connection (or lack of connection) of streamlines containing magnetosheath fluctuations to the magnetopause determines the presence or absence of Pc 3-4 pulsation activity in the magnetosphere. Luhmann et al. [ 1986] found both statistically and on a case by case basis that magnetosheath magnetic turbulence in the subsolar region was enhanced during times of low IMF cone angle. Following this idea, Luhmann et al. [1986] pointed out that some of the magnetic field fluctuations observed in themagnetosheath may have been convected there from the quasi-parallel portions of the bow shock and its associated upstream wave region. In addition, although the study ofLuhmann et al. [1986] involved only magnetic field fluctuations, these authors also called attention to the possible importance of upstream waves and particles for processes involving diffusive entry of magnetosheath plasma into the magnetosphere, magnetic reconnection or merging, and the so-called viscous interactions between the magnetosheath and magnetosphere. Wolfe and Kaufmann [ 1975] found empirical support for wave transmission across the magnetopause according to Verzariu's model in magnetopause crossings near the Earth-Sun line, but beyond 30 to 40 ø from the Earth-Sun line they found too much power inside the magnetopause to fit this model of transmission. Greenstadt et al. [1983] , using simultaneous data inside and outside the magnetopause from the dual ISEE spacecraft, found one event supportive of the flow of ULF power from the subsolar magnetosheath into the magnetosphere and consistent with the Verzariu model. Earlier studies of dayside harmonic pulsations at low latitudes in the outer magnetosphere by Takahashi et al. [ 1984] (using pulsation data from ATS 6 and IMF data from IMP 8) and Engebretson et al. [ 1986b Engebretson et al. [ , 1987 (using pulsation data from AMPTE CCE and IMF data from AMPTE IRM) indicated IMF cone angle control of occurrence of these pulsations. In addition, pulsation studies at high latitudes by a variety of experimenters (Troitskaya et Engebretson et al. [ 1990a] at South Pole Station, Antarctica, at the foot of the nominal dayside cusp/cleft, have directed greater attention to the relation between the magnetosheath particle population and wave events. They found that precipitating electrons with magnetosheathlike energies are often seen at South Pole, with modulation at Pc 3 frequencies, when groundmagnetometers see Pc 3 pulsations associated with upstream waves. This observation led Engebretson et al. [ 1990b] to propose a model of high latitude entry of these pulsations, based on the idea that modulated electron precipitation is the source of the pulsations observed on the ground at these latitudes.
Asbridge et al. [1978] were the f'•rst to note the existence of two distinct states of plasma flow within the magnetosheath, a "quiet" state and a "disturbed" state, the latter characterized by the presence of energetic ions in the range of 3-40 keV. Examination of particle spectra indicated that during "quiet" magnetosheath states both ion and electron spectra were usually stable and reproducible from one 6-or 24-s measurement cycle to the next. However, during the "disturbed" state, which could last from several minutes to many hours, particle spectra fluctuated considerably at all energies. Density, temperature, flow speed, and flow angle all showed large variations during these times. They suggested that the 3-40 keV plasma component characteristic of the disturbed state was (1) accelerated at the bow shock and (2) responsible locally for the observed magnetosheath fluctuations. They were reluctant to label these fluctuations "turbulence" because they had not yet compared the observed plasma fluctuations with variations in the magnetoshe ath magnetic field. A companion paper by Gosling et al. [ 1978] suggested that the diffuse ion population observed upstream of a quasiparallel bow shock was the source of the energetic magnetosheath plasma ions.
In a subsequent study Crooker et al. [ 1981 ] compared ISEE 1 magnetosheath observations with IMF data obtained by ISEE 3, and found that energetic ions were present (absent) in the magnetosheath when plasma at the observation point was convected from a region on the bow shock where the angle between the shocknormal and the IMF w as less than (greater than) 60 ø. They interpreted their observ ations to mean that these ions were convected downstream from the quasi-parallel region of the bow shock.
Although West andBuck[ 1976] had earlier used OGO 5 scanning
proton spectrometer data to demonstrate an excellent correlation in the flanks of the dawn and dusk magnetosheath between ions of energy > 100 keV and large amplitude magnetic oscillations, there has apparently been no study of such correlations near the subsolar point. In addition, although several of the studies listed above suggested the validity of early ideas of transmission of upstream wave signals through the magnetosheath and into the magnetosphere, there has been to date no study of correlations between variations in magnetosheath plasma and magnetic field and either the IMF cone angle or dayside magnetospheric pulsations, despite the suggestion by Asbridge et al. [ 1978] that such a study is necessary to fully characterize the "disturbed" plasma state they observed.
In this and a companion paper [Lin et al., this issue] (hereinafter referred to as paper 2) we study simultaneous data from the upstream solar wind, subsolar magnetosheath, and dayside equatorial magnetosphere in an attempt to better understand the properties of the magnetosheath responsible for transmission of upstream ULF wave signals. After presenting the results of a preliminary survey of 48 intervals when AMPTE IRM traversed the Earth's magnetosheath and AMIYI'E CCE was simultaneously located in the dayside outer magnetosphere, we will in this first paper present a detailed study of two representative intervals. In both cases simultaneous upstream IMF data were available from ISEE 1 and/or 2. The intervals selected will allow us to characterize the magnetosheath both during periods when azimuthally polarized resonant harmonic ULF magnetic pulsations are observed in the dayside outer magnetosphere, and when they are not. Paper 2 will present a more detailed analysis ofmagnetic field and plasma conditions in the subsolar magnetosheath during these and other periods.
• As a preliminary step, we identified 48 events in the first four months of the AMPTE mission (September to December 1984) during which the AMPTE CCE satellite was in a good position to look for dayside pulsations in the magnetosphere while the AMPTE IRM satellite was simultaneously traversing the magnetosheath. These events are characterized by a variety of levels ofmagnetosheath disturbance and pulsation activity, or lack of it.
A preliminary qualitative comparison of AMPTE CCE and AMPTE IRM data was performed using two-hour plots of AMPTE IRM magnetic field and plasma data and full-orbit color spectrograrns of AMPTE CCE magnetic field data. Those passes during which AMPTE IRM data showed large variability in the magnetosheath particle densities and/or the magnetosheath magnetic field were classdied as "disturbed," and those passes showing little variation were classified as "quiet." AMPTE CCE spectrograms were independently used to determine whether azimuthally polarized Pc 3-4 (usually harmonic) pulsations were present or absent. Although some AMPTE IRM magnetosheath passes are of several hours' duration, even long, varying events are listed at most twice in this survey.
The results of this comparison are shown in Table 1 . The correlation betweenlRM magnetosheath activity and CCE harmonic activity is very good, but not one-to-one. When magnetosheath conditions are quiet, no Pc 34 pulsations are observed in the dayside outer magnetosphere at the location of AMPTE CCE. When the magnetosheath is clearly disturbed, Pc 34 pulsations are observed clearly in 22 of 27 cases, and are clearly not observed in only one Based on the good preliminary correlation shown above, we selected several representative passes for more detailed study. These events not only exemplify the dominant correlations evident in the preliminary survey but also help to identify the kinds ofmagnetosheath disturbance which are and are not correlated with Pc 3-4 pulsation activity. Two events are shown in this paper; three additional events were analyzed in detail but are not included here because of space limitations. Pc 3 activity was observed at AMPTE CCE during the entire period of event 1, and during part of event 2. A summary of our observations for all five events is provided in Table 2 , and interested readers may request a technical report presenting these other events. As a final step in displaying the magnetosheath data, we prepared dynamic Fourier spectrograms of plasma data for each event in addition to the magnetic field data already displayed in Plates 2 and 4. In each case associated with Pc 3-4 pulsations we also observed broadband excitations in the plasma parameters, with fluctuations from ~ 10 mHz up to their 112 mHz Nyquist rate. In none of the events studied did we observe a narrow-band frequency enhancement such as might be expected for a band-limited upstream wave source [Russell et al., 1987] or as observed below the dayside cusp [Engebretson et al., 1990a] . Because of 'the frequent time discontinuities in the plasma data (every fifth point missing), we took two additional steps in analyzing the spectrm'n of these data sets. In the first approach, we used a linear interpolation routine to fill in the missing data points, and then used a standard Fourier transform algorithm. In the second approach, we used a Lomb-Scargle technique [Press and Teukolsky, 1988], which does not require the use of continuously sampled time series. Using both approaches we again found very broadband spectral features in the differenced data, and no sign of sharply band-limited signals. As noted above, however, a flat spectral response in the color spectrograms indicates a falloff off '2 in spectral power. Thus although spectral analysis of both events indicated enhancements of spectral power from -10 mHz to at least the Nyquist frequency during times that Pc 3-4 pulsations were observed in the dayside magnetosphere, the peak spectral power daring these periods was near the bottom of the region of spectral enhancements, that is, in the Pc 3-4 frequency range. Table 2 contains a summaxy of the key parameters for the five events studied in detail. The IMF cone angle, and its associated categorization of the shock geometry in the subsolar bow shock region as quasi-parallel or quasi-perpendicular, appears to control both the character of the magnetic pulsations in the dayside magnetosphere and the characteristics of magnetic field and plasma parameters in the subsolar magnetosheath. Large, omnidirectional fluctuations in magnetosheath magnetic fields and greatly increased fluxes of energetic magnetosheath ions are clearly associated'with low cone angles and with the presence of dayside multiple harmonic pulsations.
DISCUSSION
Two separate but related models have been proposed to explain the connection between Pc 3-4 wave activity in the dayside magnetosphere and the occurrence of low cone angles and associated foreshock waves in the upstream solar wind [Greenstadt, 1990] . In the first, pulses, waves, or turbulence generated as part of a quasi-parallel shock are convected against the Earth's magnetopause. As this spatially structured magnetosheath plasma convects along the magnetospheric boundary, it in some way perturbs the magnetopause and transfers information into the magnetosphere. In the second model, waves in the foreshock are transmitted (perhaps with modifications) through the shock, magnetosheath, and magnetopause into the day- difficult to separate spatial from temporal structure, and thus makes it difficult to distinguish these models on purely geometrical grounds.
A further experimental difficulty is that, according to gas dynamic models of solar wind magnetopause interactions, the only streamline that contacts the magnetopause is the one that actually passes through the stagnation point IRM did not sample the body of plasma that transmits information about upstream waves to the magnetosphere. In most cases the plasma it samples is more likely to be deflected around the magnetopause without ever coming very near to the boundary. To the extent that quasi-parallel or quasi-perpendicular shock geometry exerts significant control over magnetosheath characteristics "near" the subsolar point, however, the AMPTE IRM data may still provide significant information about the Earthward flow of wave information from a shock-related source.
Our finding that purely compressional waves are not associated with magnetospheric Pc 34 activity is consistent with the recent observations by Hubert et al. [ 1989] and earlier workers that "mirror" waves are associated with a quasi-perpendicular bow shock structure. We believe it is also significant that the absolute level of magnetic field fluctuations (AB) in the magnetosheath is no larger when the IMF cone angle is low and magnetospheric Pc 3-4 waves are observed than during times when compressional waves are observed. It thus appears that the magnitude of magnetic variations in the subsolar magnetosheath is not the critical factor in transmitting upstream wave power into the dayside magnetosphere. Our observations suggest that either the presence of transverse magnetic field oscillations or the distinctively different morphology of the plasma, and especially its energetic component, may be the key factor.
In paper 2, a more quantitative study of these intervals, we report that greatly increased and fluctuating kinetic beta and thermal beta, disordered magnetic fields, and variability in kinetic and total pressure in the magnetosheath are associated with low IMF cone angles and simultaneous harmonic Pc 3-4 activity in the dayside magnetosphere. The increase in magnitude and variability of the kinetic beta values suggests that the subsolar magnetosheath plasma may exert variations in dynamic pressure on the magnetopause (possibly in quite localized regions) during these times. In addition, the very large thermal beta values, often >> 1, indicate that during these times the "frozen-in" plasma assumption may be invalid, at least for the substantial energetic tail of the magnetosheath plasma distribution. Although a more detailed analysis must be done to confirm it, the high thermal beta values observed lend some support to the suggestion by Asbridge et al. [ 1978] that downstream from a quasi-parallel shock energetic magnetosheath particles determine the local magnetic field characteristics, and not vice versa. This could also explain why the magnetic field fluctuations we observe are broadband, rather than harmonic or at least narrow-band. These observations also suggest that plasma processes at the magnetosheath/magnetopause/ boundary layer interface may be more complicated during these times than is assumed by many models of such boundary processes.
Gosling et al. [1989] and Thomsen et al. [1990] reported that the ion distributions in the magnetosheath downstream from a quasiparallel shock alternated between a cooler, denser type and a hotter, less dense type. Both types of distributions could also be observed during shock ramp crossings, suggesting to these authors that they are formed alternately as part of the unsteady, cyclic nature of the quasi-parallel shock itself, and are notrelated one to the othervia any process of downstream evolution. The cyclic nature of the quasiparallel shock has also been suggested by the numerical simulations of Burgess[ 1989] and Thomas et al. [ 1990] . The periodicity of these alternating magnetosheath distributions, from 1 to a few upstream ion gymperiods, matches the periodicity of shock re-formation found in the numerical simulations. The fact that these variations roughly match the period of upstream waves (and of the center frequency of related Pc 3-4 activity in the magnetosphere) suggests that the quasi-parallel shock itself might serve to spread out the spectral power of the upstream waves, resulting in the broad spectral features evident in the magnetic field spectrograms shown in Plates 2 and4.
The high latitude entry mechanism proposed by Engebretson et al.
[ 1990b] to explain solar wind control of dayside Pc 3-4 pulsations is based on the idea that momentum or pressure variations in the magnetosheath serve to transfer the "wave" information to the high latitude ionosphere by causing modulated particle precipitation and/ or modulated Birkeland currents in the cleft/boundary layer. Although this idea has received almost no direct theoretical attention, recent theoretical studies of the ground signature of flux transfer events have focused attention on the impact of variations in solar wind dynamic pressure. Southwood and , using an MHD approach, predicted field-aligned currents with temporal variations reflecting the time dependence of impinging solar wind pressure variations. They also acknowledged the need to include more realistic models of the effects of magnetosheath plasma variations in their models. In a related paper Kivelson and Southwood [1990] noted that such pressure variations contribute nonlinear transport of momentum from the solar wind into the magnetospheric cavity. Although these models were intended to apply most direcfiy to longer period pressure perturbations, in the Pc 5 period range, our observations suggest their model may be applicable to fluctuations generated at a quasi-parallel shock as well.
The data presented here may also be of interest to those studying the process of dayside reconnection. Although we have not found any magnetosheath parameter which exhibits a narrow-band oscillation at the frequency inferred for upstream waves, and could thus provide a "direct link" between band-limited upstream waves and similarly band-limited Pc 3-4 resonant harmonic waves, we have found relatively broadband enhancements of power in both magnetic fields and in plasma parameters in the subsolar magnetosheath, with peak power at frequencies near the center frequency expected for the upstream waves. Although we believe that it is probable that such broadband enhancements are in some way responsible for the transmission of wave information, the means by which the upper frequencies of this enhanced signal are attenuated remains to be determined.
We have also been able to confirm and extend earlier observations of the character of magnetosheath field and plasma perturbations during the times such waves occur. We have found (1) highly disordered magnetic fields, with large fluctuations in all three components, with large, rapid variations in both magnitude and direction and very broadband frequency structure; (2) enhanced fluctuations in all bulk plasma parameters; and (3) enhanced densities of energetic (> 8 keV ) ions. With the exception of the third property during one case (not shown), none of these is observed in any of the events studied during times pulsations are absent. In two of the five cases (one shown in this paper) large, purely compressional waves occurred in the magnetosheath magnetic field, but simultaneous dayside Pc 34 activity was not observed.
Despite nearly two decades of study, there is as yetno comprehensive explanation of the means by which band-limited upstream wave signals cause similarly band-limited pulsations in the dayside magnetosphere, in part because attention appears to have been focused on wave transmission rather than on the convection of disturbed magnetosheath plasma. Only recently have theoretical analyses begun to focus on the importance of varying magnetosheath plasmas for the transfer of perturbation signals into the magnetosphere. This is clearly an area that needs further investigation. Finally, although we have for the first time compared simultaneous data in the solar wind, subsolar magnetosheath, and magnetosphere, we have not found cases during which we were clearly sampling the magnetosheath plasma volume that actually carried upstream wave information to the magnetopause. The result is that a def'mitive observational study remains to be done, possibly using CLUSTER and other satellites to be launched as part of the International Solar-Terrestrial Program.
